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Aperiodic Gratings: 
Background 

There has been much inicrcst in both regular and chirped graUng structures to define/modify device 
optical passband characteristics. Examples include Fibre Bragg Gratings (FBGs) and apodised FBGs. 
where a slowly-varying chirp is superposed on the grating. Periodic (grating) structures have been the 
focus of much attention in a very wide range of applications, e.g. photonic crystals, for which the band 
structure is defined by a close analogy with the wdl-known (Bloch) periodic lattice analysis of solid-state 
physics. 

By means of a simple approximate analysis, we have found aperiodic structures which exhibit a 
controllable band siruaure. although in general, such aperiodic structures do not exhibit a useful band 
structure. At the heart of this analysis is the understanding that is not the regular periodicity of the real 
hittice. but rather the existence of well-defined spatial frequencies, (e.g. as revealed by the Fourier 
Transform (FT) of such an aperiodic structure) which distinguishes a 'useful' aperiodic structure from the 
vast majority of non-usefuI (random) aperiodic structures. 

Embodiment 

We have performed an experiment at microwave frequencies, rather than optical frequencies, making it 
easier to demonstrate the proof-of-principlc. A microwave source was used, tuneable from 2-4GHz, hence 
with wavelengths varying from 150mm to 75mm respectively in free space. The length of the binary 
APBG was close to 320mm, and perspex (refractive index /i2=1.37) was used to cause the perturbation in 
refractive index, and hence backward coupling. Basic units, consisting of a 22mm length of air (refractive 
index, ny=l), and an a.ssociatEd 16mm (-22mm/rt2) length of perspex, were used to construct the APBGs. 
Each basic unit was of the equivalent optical path length. Taken togaher, the smallest spatial period in an 
APBG could thus be a base cell of length 38mm, consisting of a unit length of air and a unit length of 
pcxspex- This base celJ could then be repeated 8 times within the 320mm length of the transmission line, 
as shown in figure la. 
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Figure 1: Structures of APBGs for various bandgap ftequencies 




A spatial period A will reflect wavelengths given by A ^ (2m - , where m is the grating order, given 
by m=l in this case. However since the grating is made of materials with very different refractive indices, 
this formula is too simple. Instead, it is better to consider the spatial period A' as if both materials had 
the same refracUve index, (i.c, nj^n,) but that there was still ihc same reflection at their mterfacc. In this 
case, (assuming nj^rij^i). A' = 2x22mm = 44mm . The wavelength of maximum reflection (and hence 
minimum transmission) would thus be A = 2A' = 88mm, corresponding to a bandgap frequency of 
^c/X^3.41GHz. 

The next available regular grating, using the same sized base cells would have a spatial period of 
A' = 88mm (as shown in figure le), and would tend to have an associated bandgap frequency of 
l,70GHz,. Generally it wouldn't be possible to tune to iniermediate frequencies between 1.70 - 3.41GHz 
using the same dimensioned base cells. However, an aperiodic grating does allow this to happen, and the 
APBGs for these intermediate frequencies are shown in figures lb - Id. 
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Figure 2: Single Bandgap Spectra for APBGs of figs, la- le 



Figures 2a-2e depict the measured transmission spectra of the APBG structures depicted in figures la-le. 
Figures 2a and 2e show the transmission spectra for the regular gratings of period 38mm and 76mm 
respectively. The bandgap of figure 2a is very well defined, with a centre frequency of about 3.4GHz. 
However, the bandgs^ centre frequency of figure 2e is less than 2GH2 (i.e. -1.7GHz), and we can only see 
the falling edgfe of the bandgap at abou t Z. O GHfe. Figures 2b-2d show the baiidgap being shifted in 
incremental steps of about 0.43GHz, between l.TGHz and 3.4GHz. by using aperiodic Bragg gratings. 
Figure 2b has a bandgap centre frequency of 3.0GHz, while figure 2c is ai 2.6GHz, and figure 2d is at 
about 2.2GHz, agreeing well with the theoretical bandgap frequencies. The strength of the bandgap for 
aperiodic Bragg gratings is not as large as for a regular Bragg grating, so that the transmission at the 
bandgap centre frequency tends to be higher. A longer APBG with more segments would ensure a 
stronger bandg^. 



3 



Multiple Bandgaps 

An aperiodic Bragg grating can also be designed to exhibit multiple bandgaps. Such an APBG is shown in 
figure 3a, and has been designed to exhibit bandgaps at 2.13GHz and 2.98GHz. The APBG is designed to 
provide the same functionality, as afforded individually by the APBGs shown in figures lb and Id. The 
resulting transmission spectrum is depicted in figure 3b, and shows that the corresponding bandgap centre 
frequencies lie at about 2.1GHz and 3.1GHz, which while not exactly matching the designed bandgap 
frequencies, still shows dose correspondence. Because the APBG is having to do more 'work', in the 
sense that it is trying to produce 2 bandgaps, rather than just one. the resulting bandgaps tend to be 
weaker than those shown in figures 2b and 2d. There also appears to be an additional 'parasitic' bandgap 
at 3.7GHz. which seems to be closely related to the bandgap at 3.0GHz, as it is also evident in figure 2b. 
This is probably due to an additional parasitic resonance between spatial components of the APBG 
designed to resonate at S.OGHz and the experimental waveguide apparatus. 
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(a) Structure of APBG with Multiple Bandgaps 
at 2.13GH2 and 2.98GH2 
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Figure 3: Muluple Bandgap APBGs 
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A, Definition of an Aperiodic Structure 

A.1) An ajxaiodic graling/hologram is a structure which is not pericsdic. or does not repeat itself. 

A 2) An aperiodic grating/hologram is a structure which cannot be expressed as a simple 
transformation of a regular grating. Often, a chirped grating is described as an aperiodic 
technically correct, since it doesn't repeat itsdf. A regular grating can be mathematically described m the 
following manner. 

= (i) where G = Regular Grating, 

~ Tc = Grating Transfomiation/Matrix function to 

produce a regular grating in the spatial domain, 
X s spatial dimension. 

However, a chirped grating can be described by a lineaily-chirped or stretched regular grating thus: 

C - {x^} where Q = resulting chirped grating, 

The spatial dimension x has undergone a simple, continuous transformatiQn (i.e, it has been squared.) But 
a hologram H cannot so simply expressed as the grating transformation fimction Tc operating on some 
*simple\ continuous function of the spatial dimension f{x), [n,b, for the binary case, such a function J^30 
can be found - in general being an /i* order polynomial ^^j, where n - no. of elements in the ^^ologram /£. 
However, this is not a simple function, in comparison to the chirped case, v^ere it is merely a 2 order 
polynomial.]: 

Instead, a hologram H requires a special Hologram Transformation/Matrix function Tm to produce the 
aperiodic structure in the spatial domain jc, such chat in general we have; 

A.3) Likewise, an aperiodic grating is a structure which cannot be expressed as a finite (or limited) 
summation of regular gratings of varying spatial frequency (i.e, similar in concept to a Fourier series): 

N 

// ^ ^ a- O i where Cf = amplitude 

Gj = regular grating of spatial frequency 

A. 4) Likewise, an aperiodic grating is a structure which cannot be simply expressed as a set of 
concatenated regular gratings of varying spatial frequency: 

H G G G G ^ ^ " regular grating, where a regular 

£1. i£2 > Si3 . • " • » — i ' • * ' > — J grating is defined to contain at lease 1 ^or more 

periods of a rr.gnlnr g;rating unit cell (Qf equal rnayk- — 

space ratio)» e*g, for a binary regular grating, the 
anil cell is graphically: L — 

B. Claims of Form of APBG 

B.l) We claim an aperiodic grating structure as defined in (A). 

B.2) We claim a quasi-periodic grating consisting of a set of concatenated, repeated base cells, u*ere 
there are in fact subtle differences between the *basc cells', so that the ovaall performance is better than if 
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a single base cell was pcrfectty repeated. U an opiimisation technique such as simulated annealing, or 
error diffusion has been employed to improve the overall performance of the apenodic grating. 

B.3) We claim a periodic grating consisting of a set of concatenated, repeated base fccUs. where the 
base cell is itself an aperiodic structure of the type defined in (A). 

B. 4) We claim an aperiodic grating consisting of a set of concatenated aperiodic structures, as defined 

in (A), where: 

1) the aperiodic structures are all different to each other, 

2) some structures are repeated 1 or more times 

3) the same base straciure is used throughout, as in (B3). 

C. Claims of Application of APBGs 

CI We claim an APBG structure, designed to function as a photonic bandgap structure. 
Cl.l We claim an APBG structure defined by changes in material permittivity (both real and/or 
imaginary) and/or permeability (both real and/or imaginary) 

C.1,1.1 We claim an APBG structure defined by spatial positions of scattercrs (which may not be 
classical), where the APBG structure can be v^ces a lattice and/or a superlattice. 

(Single* multi-wavelength WDM filter) 

C.1.2 where the APBG structure is along the length of a waveguide. 

Where the APBG structure may appear within and/or outside the wavcguiding region 

Where the waveguide may be not exclusively: an optical fibre, a microwave strip line, a siUca on 

silicon planar lightwave circuit (PLC), or a silicon on silica PLC. semiconductor lasw/amplifier 

waveguide. 

(Laser) 

C. 1 .3 We claim an APBG structure placed within the cavity of a laser, 

WhCTe the laser may be single/multi-wavelength 

Where the laser may be CW, pulsed, mode-locked 
C. 1.3. 1 We claim an APBG structure designed as the dielectric stack in a VCSEL 

(Non-Linear Effects) 

C. 1.4 We claim an APBG structure febricated in and/or on a non-linear medium, designed to enhance 
the non-linear effect and/or effect phase-matching^ 

For applications such as wavelength conversion, 
parametric amplification (PA). 2*"* & 3'** order nonlinear effects (2°'*/3"* harmonic generadon, Kerr effect) 
parametric oscillators (PO). where the frequency range of application can range across the EM spectrum, 

C,1.5 We claim an APBG structure designed to function as a dispersion-compensating element, 

C.2 We claim an APBG structure, designed to modify an electronic bandgap structure. 
C.2.1 We claim an APBG structure designed to function as an electronic superlatcice structure 

C.3 We claim an APBG structure designed to function as a superconducting superiattice 



